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SUMMARY

Patients with systemic lupus erythematosus (SLE)
suffer frequent infections that account for significant
morbidity and mortality. T cell cytotoxic responses
are decreased in patients with SLE, yet the respon-
sible molecular events are largely unknown. We find
an expanded CD8CD38high T cell subset in a sub-
group of patients with increased rates of infections.
CD8CD38high T cells from healthy subjects and pa-
tients with SLE display decreased cytotoxic capac-
ity, degranulation, and expression of granzymes A
and B and perforin. The key cytotoxicity-related tran-
scription factors T-bet, RUNX3, and EOMES are
decreased in CD8CD38high T cells. CD38 leads to
increased acetylated EZH2 through inhibition of the
deacetylase Sirtuin1. Acetylated EZH2 represses
RUNX3 expression, whereas inhibition of EZH2 re-
stores CD8 T cell cytotoxic responses. We propose
that high levels of CD38 lead to decreased CD8
T cell-mediated cytotoxicity and increased propen-
sity to infections in patients with SLE, a process
that can be reversed pharmacologically.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a female dominant auto-

immune disease in which the autoreactive immune system

causes inflammation and damage inmultiple organs and tissues.

Infections represent one of the major causes of morbidity and

mortality in patients with SLE (Fors Nieves and Izmirly, 2016).

Although the use of immunosuppressive drugs contributes the

increased frequency of infections (Danza and Ruiz-Irastorza,

2013), patients and mice prone to systemic autoimmunity are

inherently immunosuppressed, and this in part is due to dysfunc-

tional CD8 T cells (Kis-Toth et al., 2016; Larsen et al., 2011; Lie-

berman and Tsokos, 2014). Patients with SLE display less cyto-

lytic activity even when compared with other rheumatic diseases

(Stohl, 1995). CD8 T cells from patients with SLE display
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decreased production of granzyme B and perforin than normal

subjects (Comte et al., 2017). Decreased signaling through the

signaling lymphocytic activation molecules (SLAMs) 4 and 7

may partially explain the impaired T cell cytotoxicity in patients

with SLE (Comte et al., 2017; Kis-Toth et al., 2016). Our labora-

tory and others have also claimed that CD8 T cells from some

patients with SLE cannot control the expansion of Epstein-Barr

virus-infected B cells (Kang et al., 2004; Larsen et al., 2011;

Tsokos et al., 1983) and have decreased cytotoxic capacity

and proliferative responses to viral peptides (Kis-Toth et al.,

2016). However, the involved mechanisms are not understood.

In a recent study in whichwe sequencedRNA fromT cells from

patients with SLE, we found that high expression of CD38 in

T cells identifies a group of patients with broad abnormalities

in terms of gene expression (Bradley et al., 2015). CD38 expres-

sion on CD4+, CD8+, and CD25+ T cells was increased in SLE

T cells and correlated with disease activity (Alcocer-Varela

et al., 1991; Erkeller-Yuksel et al., 1997; Pavón et al., 2006,

2013). Increased CD38 expression in T cells from patients with

SLE may contribute to lupus pathogenesis because T cells pro-

duce Th1 and Th2 inflammatory cytokines when they are stimu-

lated with CD38 antibodies (Pavón et al., 2013). On the other

hand, total CD38-deficient MRL/lpr lupus-prone mice display

exacerbated lupus nephritis (Viegas et al., 2011). The detailed

molecular characteristics of CD8CD38high cells and their role in

the pathogenesis of the disease have not been investigated.

CD38 represents a cell activation marker (Malavasi et al.,

1992), yet it functions as an enzyme that acts as a major NADase

in multiple tissues with ADP-ribosyl cyclase and hydrolase activ-

ity (Malavasi et al., 2008) and participates in intracellular calcium

mobilization (Aarhus et al., 1995). CD38 has a short cytoplasmic

tail, but it controls the levels of extra- and intra-cellular NAD+

(Aksoy et al., 2006; Chini, 2009). CD38 affects cell metabolism

(Cantó et al., 2015), and thus increased CD38 expression can

affect T cell function in multiple diseases including leukemias

(D’Arena et al., 2001), cancers (Chatterjee et al., 2018), and viral

infections (Hua et al., 2014). In multiple myeloma, in which CD38

expression predicts a poor prognosis, CD38 degrades NAD

to produce adenosine and leads to effector T cells exhaustion

through the adenosine receptor (Horenstein et al., 2019). A

recent study demonstrated that increased NAD in the presence
.
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Figure 1. Patients with SLE Prone to Infections Display an Increased Percentage of CD8CD38high

(A) Representative histograms showing CD38 expression in CD4 and CD8 T cells from both a healthy subject and a patient with SLE.

(B) Percentage of CD38 in CD4 andCD8 T cells by flow cytometry. The rectangle identifies the cutoff point separating patients with SLE in 2 subpopulations: those

with high or normal percentages of CD8CD38high (healthy subjects = 24, SLE = 42; Welch’s test).

(C) MFI of CD38 in CD4 and CD8CD38high T cells (healthy subjects = 24, SLE = 35: Kolmogorov-Smirnov) from healthy subjects and patients with SLE by flow

cytometry.

(D) Percentage of CD4CD38high and CD8CD38high T cells from patients with SLE sorted based on disease activity: inactive (SLEDAI < 4, n = 26) or active (SLEDAI

R4, n = 15) by flow cytometry (Kolmogorov-Smirnov test).

(E) Sensitivity and specificity of the percentage of CD8CD38high T cells in defining patients with any infection (SLE = 35, chi-square test).

In all figures, average data are represented as mean ± SD.
of low levels of CD38 switches the intratumoral CD4 T cells into

effector Th1/17 cells by enhancing glutaminolysis (Chatterjee

et al., 2018). CD38 expression is increased in patients with Cyto-

megalovirus (Booiman et al., 2017), Epstein-Barr virus (Zidovec

Lepej et al., 2003), and mycobacterial (Rodrigues et al., 2002) in-

fections. CD38 expression has been explored in people with hu-

man immunodeficiency virus (HIV) infection and claimed to

reflect poor prognosis (Dentone et al., 2015; Hua et al., 2014).

During HIV infection, patients with high viral loads have more

CD38+HLADR+CD8 T cells than people who maintain low viral

loads and display show decreased interferon (IFN)-g and cyto-

toxicity (Hua et al., 2014).

Here, we present evidence that CD38 expression is increased

in CD8 T cells from a subpopulation of patients with SLE who

experience a high incidence of infections independently of dis-

ease activity. We demonstrate that CD38 expression defines

CD8 T cells that have limited cytotoxicity as well as cytotox-

icity-related transcriptional factors through the NAD/Sirtuin1/

EZH2 axis. We propose that it can be used to identify patients

with higher propensity to develop infections and offers opportu-

nities for therapeutic interventions.
RESULTS

Expansion of CD8CD38high T Cells in Patients with SLE
Expression of CD38 on peripheral blood T cell subsets was stud-

ied by flow cytometry (Figure 1A; Figure S1A as gating strategy)

in 42 patients with SLE and 24 healthy subjects matched for sex

and age. As previously reported (Alcocer-Varela et al., 1991; Erk-

eller-Yuksel et al., 1997; Pavón et al., 2006), patients with SLE

have an expanded population of CD8 T cells expressing high

levels of CD38 (Figure 1B). There was no statistically significant

difference in CD38mean fluorescence intensity (MFI) levels, sug-

gesting an expansion of the CD38high population of CD8 T cells

rather than increased expression per cell (Figure 1C). To further

understand the phenotype of these cells, first the distribution of

CD38 was investigated between CD8CD38low and CD8CD38high

populations. The distribution of naive (CCR7+CD45RA+), central

memory (CCR7+CD45RA–), effector memory (CCR7–CD45RA–),

and effector memory re-expressing CD45RA (CCR7–CD45RA+)

T cells did not show differences between CD8CD38low and

CD8CD38high populations in either healthy subjects or patients

with SLE (Figure S1B, left: healthy subjects, right: SLE).
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Next, selected markers for activation or exhaustion (Fig-

ure S2A, representative histograms for HLA-DR, CD45RA,

LAG3, FAS, CD158, PD1, and TIGIT; Figures S2B–S2H, cumula-

tive data for the same molecules) were analyzed by flow cytom-

etry. HLA-DR expression was higher in CD8CD38high compared

to CD8CD38low T cells (20% versus 6.5%) from both normal sub-

jects and patients with SLE (Figure S2B). PD1 was significantly

increased in CD8CD38high T cells from patients with SLE but

not from normal subjects (Figure S2D). LAG3 was increased in

SLE patients regardless of the CD38 levels (Figure S2G). These

data suggest that CD8CD38high T cells from patients with SLE,

unlike those from normal subjects, display markers of activation

and exhaustion.

CD8CD38high T Cells Identify a Population of Patients
with SLE with Increased Risk for Infections
Analysis of the clinical data from these patients revealed that

the percentage of CD8CD38high T cells was independent of

disease activity as measured by SLE Disease Activity Index

(SLEDAI) (Figure 1D). Since patients with SLE had an

expanded CD8CD38high population compared to healthy sub-

jects (Figure 1B, right, threshold CD8CD38 = 28.4%), we

decided to divide our patients into 2 groups: CD8CD38low

(%CD8CD38 <28.4) and CD8CD38high (%CD8CD38 R 28.4)

and compare their clinical characteristics in patients who

have sufficient clinical records (n = 35). There was no differ-

ence in SLEDAI, organ damage, or disease flares between

patients with CD8CD38low and with CD8CD38high (Table S1).

CD38 has been reported to be increased on the surface of

T cells from patients infected with HIV (Savarino et al., 2000)

and cytomegalovirus (CMV) (Booiman et al., 2017) in whom

high levels have been linked to poor prognosis. Patients

with SLE are known to be immunocompromised, and there-

fore we asked whether CD38 expression on CD8 T cells cor-

relates with the infection rates in patients with SLE. To

address this, we reviewed the clinical charts of the studied pa-

tients and recorded infectious episodes, which occurred

within a 6-month period before and after the date of data

collection. We noted that the patients with CD8CD38high

experienced infectious episodes (11 out of 13 patients),

whereas those with CD8CD38low did not experience any infec-

tions (0 out of 22 patients) (Figure 1E, chi-square test p <

0.0001; sensitivity = 100%, specificity = 83.3% when cutoff

level for CD38 positivity was set at 28.4%). In reference to

the type of infections (Table S2), urinary tract infections (4

out of 11 infections) were the most frequently observed; how-

ever, we could not collect data on the kind of causative organ-

ism. These data suggest a possible role for CD38 in the sus-

ceptibility to infection by patients with SLE.

Both CD8CD38high and CD8CD38low groups of patients

displayed similar clinical features except for the erythrocyte

sedimentation rate (ESR), which was higher (p < 0.01) in the

CD8CD38high group and the use of mycophenolate mofetil

(MMF), which was more frequent in the CD8CD38low group

(p = 0.02) (Table S1). This supports the claim that the detected

susceptibility to infections, which was noted in the CD8CD38high

group, is not caused by the increased use of immunosuppres-

sive drugs.
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High Levels of CD38 Identify CD8 T Cells with Poor
Cytotoxic Capacity
Besides the role of the immunosuppressive drugs, decreased

cytotoxic cell activity accounts for the increased rates of infec-

tions in patients with SLE (Danza and Ruiz-Irastorza, 2013;

Fors Nieves and Izmirly, 2016; Iliopoulos and Tsokos, 1996). To

determine whether the expression of CD38 affects the function

of CD8 T cells, the degranulation capacity of CD8 T cells was

analyzed by flow cytometry by assessing the expression of

CD107a, a lysosomemarker that is expressed when cells degra-

nulate (Figure 2A, representative histograms). The degranulation

capacity of CD8 T cells from patients with SLE was decreased

compared to that of CD8 T cells from healthy subjects (Fig-

ure 2B). We found that there was an inverse correlation between

the percentage of CD8CD38high T cells and the percentage of de-

granulating CD8 T cells in healthy subjects (R2 = 0.54, p = 0.038,

Figure 2C, closed circles), patients with SLE (R2 = 0.42, p =

0.023, Figure 2C, opened circles), and in combined samples

(R2 = 0.29, p = 0.014, Figure 2C), indicating a link between the

expression of CD38 and degranulation capacity. Indeed,

CD8CD38high T cells were characterized by decreased degranu-

lation capacity compared to CD8CD38low T cells from the same

donor healthy or a patient with SLE alike (Figures 2D–2F). A

similar defect in degranulation occurs in naive, central memory,

effector memory, and terminal effector memory CD8 T cell sub-

populations (Figure 2G). To determine the in vitro cytotoxic ca-

pacity of CD8 cells, we used P815 cells coated with CD3 and

CD28 antibodies and labeled with pacific orange and incubated

them with sorted CD8CD38low T cells or CD8CD38high cells from

healthy subjects. Sorted CD8CD38high human primary T cells

showed decreased cytotoxicity against P815 cells compared

with their CD8CD38low counterparts (Figure 2H). Overexpression

of CD38 (Figure S3A) but not GFP in primary CD8 T cells or in

TALL104 human CD8 cell line cells resulted in decreased

degranulation (Figures S3B and S3C, respectively). TALL104

cells overexpressing CD38 displayed decreased cytotoxicity

against P815 cells (Figure S3D) compared to cells transfected

with GFP. These data indicate that CD8CD38high T cells display

decreased cytotoxic capacity, which is controlled by CD38

expression.

CD8CD38high T Cells Express Low Levels of Cytotoxic-
Related Molecules and Transcription Factors
CD8CD38high T cells were found to display reduced expression

of granzyme A (GZMA), granzyme B (GZMB), perforin (PRF1),

and IFN-g molecules, which are needed for the execution of

cytotoxic activity both in healthy subjects and patients with

SLE (representative histograms are shown in Figure 3A; cumu-

lative data from healthy subjects, Figure 3B, and patients with

SLE, Figure 3C). The production of PRF1 in patients with SLE

was relatively hard to detect compared to healthy controls,

and it was decreased in CD8CD38high T cells. Low protein levels

for PRF1 and GZMA and GZMB in CD8CD38high T cells were

accompanied by reduced mRNA levels for these molecules in

healthy subjects (Figure 3D).

The expression of GZMA, GZMB, PRF1, and IFN-g is

controlled by the transcription factors T-bet, Runx3, and EOMES

in murine CD8 T cells during infection (Cruz-Guilloty et al., 2009;
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Figure 2. CD8CD38high T Cells Display Poor Cytotoxic Capacity

(A) Representative histograms showing the expression of CD107a on CD8CD38low andCD8CD38high T cells from healthy subjects by flow cytometry. Tomeasure

CD107a expression, cells were stimulated with plate-coated CD3 and CD28 antibodies with Golgiplug and anti-CD107a for 5 h and stained with proper surface

markers.

(B) Degranulation (%CD107a) of CD8 T cells from healthy subjects and patients with SLE evaluated by flow cytometry (healthy subjects = 8, SLE = 12; Welch’s

test).

(C) Correlation between percentage of CD38high and degranulation in CD8 T cells (healthy subjects = 8, SLE = 12; closed circles, healthy subjects; opened circles,

SLE; Pearson’s correlation).

(D–F) Degranulation (%CD107a) of CD8 T cells sorted onCD38low andCD38high of both healthy subjects and patients with SLE in both groups (D) and separately in

healthy subjects (E) and SLE (F) by flow cytometry (healthy subjects = 8, SLE = 12; closed circles, control; opened circles, SLE; healthy subjects = 8, SLE = 12;

Welch’s test).

(G) Degranulation (%CD107a) of the different subpopulations of CD8 T cells sorted on CD38low and CD38high by flow cytometry (n = 5 healthy donors; one-way

ANOVA with multiple comparison).

(H) Representative dot blots (left) and cumulative data (right) showing percentage of of Annexin V+ P815 cells after coincubation with CD8CD38low or CD8CD38high

T cells from healthy subjects analyzed by flow cytometry (normal T cells = 4; Kolmogorov-Smirnov test).

In all figures, average data are represented as mean ±SD.
Pearce et al., 2003; Shan et al., 2017) (scheme in Figure 4A).

RUNX3, which directly binds GZMB, IFN-g, and PRF1 loci, is

the main regulator of GZMB. EOMES needs Runx3 to control

cytotoxicity (Cruz-Guilloty et al., 2009). T-bet is induced in early

stages of infection in response of T cell receptor signaling (Szabo

et al., 2002) and is less able to induce PRF1 and GZMB

(Cruz-Guilloty et al., 2009). Accordingly, we asked whether the
expression of cytotoxic molecules is regulated by RUNX3

and/or EOMES and T-bet in CD38-expressing CD8 T cells.

CD8CD38high T cells displayed decreased expression of T-bet,

RUNX3, and EOMES at the protein level in healthy controls,

but only RUNX3 was decreased in CD8CD38high T cells from pa-

tients with SLE (representative histograms, Figure 4B; cumula-

tive data for healthy subjects, Figure 4C and SLE, Figure 4D).
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Figure 3. CD8CD38high T Cells Express Low Levels of Cytotoxic

Molecules

(A) Representative histograms showing granzyme A (GZMA), granzyme B

(GZMB), perforin (PRF1), and interferon gamma (IFN-g) in CD8CD38low and

CD38high T cells from a healthy subjects by flow cytometry.

(B) Percentage of GZMA, GZMB, perforin and IFN-g in CD8CD38low and

CD8CD38high T cells evaluated by flow cytometry (healthy subjectsR3; paired

t test).

(C) Percentage of GZMA, GZMB, perforin, and IFN-g in CD8CD38low and

CD8CD38high T cells evaluated by flow cytometry (SLE R3; paired t test).

(D) mRNA levels of GZMA, GZMB, PRF1, and CD38 from CD8CD38low and

CD8CD38high T cells by quantitative PCR (normal T cells = 10 ; Kolmogorov-

Smirnov test). Cells were sorted by fluorescence-activated cell sorting (FACS)

aria.

In all figures, average data are represented as mean ±SD.
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The same tendency was confirmed at the mRNA level in healthy

controls (Figure 4E). These results suggest that RUNX3 is

involved in the regulation of the expression of cytotoxic mole-

cules in CD8CD38high T cells.

CD38 Regulates the Sirtuin1/EZH2 Axis through NAD+

CD38 changes the function of a cell by degrading NAD+, a

metabolite that is critical in multiple steps of metabolism. NAD+

is a regulator of Sirtuin1 (SIRT1), which has deacetylase activity

(Aksoy et al., 2006) in T cells (Jeng et al., 2018), cancer cells

(Chatterjee et al., 2018), and adipocytes (Cantó and Auwerx,

2012) because SIRT1 binds NAD+ to deacetylate targets (Sauve

et al., 2006). One of the molecules, which is deacetylated by

SIRT1, is EZH2 (Wan et al., 2015), which modulates epigeneti-

cally the expression of several molecules including T-bet,

RUNX3, and EOMES by trimethylating histone 3 at lysine 27

(H3K27me3) (Fujii et al., 2008; He et al., 2017; Tong et al.,

2014). It has been reported that SIRT1 regulates the activity

and stability of EZH2 by acetylating it at lysine 348 in HEK293T

cells (Wan et al., 2015). Therefore, we hypothesized that

increased levels of CD38 leads to decreased levels of NAD+/

SIRT1 activity, leading to increased acetylated EZH2 with meth-

yltransferase activity, which consequently represses the expres-

sion of cytotoxic molecules (scheme shown in Figure 5A). First, in

agreement with the nucleosidase activity of CD38 and with pre-

vious reports, we observed that NAD+ levels in CD8CD38high

T cells were decreased compared with those in CD8CD38low

T cells from healthy subjects (Figure 5B). To compare the func-

tion of CD38, especially as NADase better, we generated

CD38-deficient Jurkat human CD4 T cell (CD38KO Jurkat cells)

using Crisper/Cas9 (Figure S4A). NAD+ levels were clearly

decreased in CD38WT Jurkat cells compared to CD38KO Jurkat

cells (Figure S4B). Next, we confirmed the increased levels of

lysine-acetylated proteins from sorted primary CD8CD38high

compared with those of CD8CD38low T cells from healthy sub-

jects (Figure 5C). Lysine acetylation was higher when CD38KO

Jurkat cells were compared with CD38WT Jurkat cells (Fig-

ure S4C). Overexpression of CD38 in purified CD8CD38low

T cells or CD38KO Jurkat cells increased the levels of lysine-

acetylated proteins (Figures S4D and S4E, respectively). The

expression of P300/CBP-associated factor (PCAF), another

acetylase, tended to be higher in CD38WT Jurkat cells, although

not at significant levels (Figure S4F), suggesting that SIRT1 is

the main deacetylating enzyme in CD8CD38high T cells.

CD8CD38high T cells showed increased expression of EZH2

compared to CD8CD38low T cells (Figure 5D); therefore, to

further address whether the acetylated levels of EZH2 are

increased in CD38high cells, we immunoprecipitated lysates

from CD38KO and CD38WT Jurkat cells through the use of an

EZH2 antibody. Immunoprecipitated EZH2 from CD38KO Jurkat

cells displayed lower levels of acetylation compared to CD38WT

Jurkat cells (Figure 5E). Following treatment with EX527, a SIRT1

inhibitor (Gertz et al., 2013), the acetylated levels on EZH2 were

increased in CD38KO Jurkat cells (Figure 5F). These data

confirmed that EZH2 is increased in CD38high cells, and inhibition

of SIRT1 activity induces more EZH2 acetylation. Acetylation

stabilizes EZH2 and exerts more methyltransferase activity on

its targets (Wan et al., 2015). Indeed, CD8CD38high T cells had
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Figure 4. CD8CD38high T Cells Express Decreased Levels of EOMES,

RUNX3, and T-bet

(A) Scheme showing the transcription factors regulating various cytotoxic

molecules.

(B) Representative histograms showing EOMES, RUNX3, and T-bet in

CD8CD38low and CD38high T cells from a healthy donor by flow cytometry.

(C) MFI from EOMES, RUNX3, and T-bet in CD8CD38low and CD8CD38high

T cells from by flow cytometry (healthy subjects R3; paired t test).

(D) Percentage of EOMES, RUNX3, and T-bet in CD8CD38low and

CD8CD38high T cells by flow cytometry (SLE = 6; paired t test).

(E) mRNA levels of EOMES, RUNX3, and T-bet (TBX21) in CD8CD38low and

CD8CD38high T cells by flow cytometry (normal T cells = 10; Kolmogorov-

Smirnov test). Cells were sorted by FACS aria.

In all figures, average data are represented as mean ± SD.
increased levels of H3K27me3 compared with CD8CD38low

T cells from healthy subjects (Figure 5G). A similar observation

was made when we compared with CD38KO Jurkat cells and

CD38WT Jurkat cells (Figure S4G). EX527 induced more

H3K27me3 in CD38KO Jurkat cells (Figure 5H). These data indi-

cate that CD38 increases methyltransferase activity of EZH2 as

a consequence of decreased NAD+ and inhibition of Sirtuin1 de-

acetylase activity.

To determine whether CD38 restricts the chromatin accessi-

bility to RUNX3, EOMES, and T-bet loci, we performed ATAC-

seq (Assay for Transposase Accessible Chromatin with high-

throughput sequencing) experiments using CD8CD38high and

CD8CD38low T cells from healthy subjects and patients with

SLE. The correlation heatmap (Figure S5A) and principal-

component analysis (PCA) plot (Figure S5B) showed that the

variance in chromatin accessibility between CD8CD38low and

CD38high T cell populations was higher than the variance be-

tween healthy subjects and SLE patients. We then assessed

the statistical significance of differentially enrichment peaks be-

tween the CD8CD38low and CD38high samples. In healthy sub-

jects, no differences in chromatin accessibility were observed

within 5 kb of the transcription start sites (TSSs) for RUNX3 in

CD8CD38high T cells compared to CD8CD38low T cells (Fig-

ure S5C). However, several intronic regions (Figure S5C) that

showed significantly decreased accessibility in CD8CD38high

T cells compared to CD8CD38low T cells could potentially regu-

late the expression of RUNX3. EOMES, TBX21, GZMA, GZMB,

PRF1, and IFN-g all showed decreased accessibility in the 5

kb regions flanking their TSSs for CD8CD38high versus the

CD8CD38low T cells in healthy subjects (Figures S5D–S5H and

S5J). EZH2 displayed higher chromatin accessibility in

CD8CD38high T cells (Figure S5I). These findings are consistent

with our results that CD38high cells have higher levels and activity

of EZH2, which result in the repression of RUNX3, EOMES, and

T-bet in healthy subjects. However, in patients with SLE

CD8CD38high T cells had differentially enriched peaks indicating

higher chromatin accessibility in the 5 kb regions flanking the

TSS of RUNX3, EOMES, and T-bet loci as well as GZMA,

GZMB, PRF1, and IFN-g compared to CD8CD38low T cells.

Yet, the expression of RUNX3 was repressed in CD8CD38high

T cells in SLE. EZH2 had a significantly higher peak in the pro-

moter specific in SLE (Figure S5I, right) than healthy subjects

(Figure S5I, left). It appears that the chromatin occupation status

does not reflect gene expression in T cells from SLE patients,

and this is reminiscent of previous reports in which chromatin

accessibility did not parallel gene expression (Bernstein et al.,

2006) (Scharer et al., 2018).

Inhibition of Sirtuin1/EZH2 Axis Restores CD8
Cytotoxicity
Finally, we asked whether manipulation of the SIRT1/EZH2 axis

can restore CD8 cytotoxicity. We used a highly specific compet-

itive inhibitor, GSK126 (McCabe et al., 2012), to inhibit EZH2.

GSK126 successfully decreased methylation in both CD38KO

and CD38WT Jurkat cells (Figure S6A) without affecting

apoptosis except in the highest concentration of GSK126 (Fig-

ure S6B). While the expression of EOMES and RUNX3 was

decreased with EX527 (SIRT1 inhibitor) (Figure 6A), RUNX3
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Figure 5. CD38 Modulates the Epigenetic

Profile of CD8 T Cells by Controlling the

Sirtuin1/EZH2 Axis

(A) Schema showing the regulation of transcrip-

tional factors by CD38 through the NAD/Sirtuin1

(SIRT1)/EZH2 axis. ADPR, adenosine ribose;

cADPR, cyclic adenosine ribose.

(B) NAD+ levels from the same number of

CD8CD38low and CD8CD38high T cells, sorted by

FACS aria. NAD+ levels were quantified by color-

imetric measurements (normal T cells = 2).

(C) Representative western blot (left) and cumu-

lative data (right) showing lysine acetylation in total

protein from CD8CD38low and CD8CD38high

T cells sorted by FACS aria (normal T cells = 8;

Kolmogorov-Smirnov test).

(D) Percentage of EZH2 in CD8CD38low and

CD8CD38high T cells from healthy subjects and

patients with SLE by flow cytometry (healthy

subjects = 7, SLE = 5, paired t test in each group).

(E and F) Cell lysates from Jurkat CD38WT and

CD38KO were subjected to immunoprecipitation

with an EZH2 antibody followed by western blot

analysis with a lysine acetylation or EZH2

antibodies (E). Same experiment as in (E) using

cell lysates from Jurkat CD38KO cells, after

overnight treatment with 50 mM of EX527 (SIRT1

inhibitor) (F).

(G and H) Representative histogram and cumu-

lative data showing H3K27me3 in CD8CD38low

and CD8CD38high T cells by flow cytometry

(healthy subjects = 4; paired t test) (G). Same

experiment using Jurkat CD38KO cells treated

with 50 mM of EX527 overnight (n = 4 in 3 inde-

pendent experiments, paired t test) (H).

In all figures, average data are represented as

mean ± SD.
was restored in cells treated with the EZH2 inhibitor GSK126 in

TALL104 cells (Figure 6B) and in CD8 T cells in patients with

SLE (Figure 6C). GSK126 restored IFN-g or GZMB in CD8

T cells from healthy subjects and patients with SLE (Figures 6D

and 6E). In addition, GSK126 led to increased degranulation of

CD8CD38high T cells without affecting the degranulation levels

of CD8CD38low T cells from both healthy controls and patients

with SLE (Figures 6F and 6G). CD38high cells show higher

EZH2 (Figure 5D) and are more inhibition of methylation by

GSK126 (Figure S6A). Altogether, our data indicate that the cyto-

toxic capacity of CD8CD38high T cells is controlled by the CD38/

Sirtuin1/EZH2 axis.

DISCUSSION

It is highly desired to have a biomarker to identify patients with

SLE who are prone to infections, a major cause of morbidity

and mortality. It also important to define the underlying cellular

and molecular pathways that account for poor defense mecha-

nisms against infectious agents in order to design new and better

therapeutic strategies. In this communication, we present evi-

dence that high levels of CD8CD38high in the peripheral blood

of patients with SLE are linked to infections, and mechanistically
118 Cell Reports 30, 112–123, January 7, 2020
we show that CD38 decreases the levels of NAD+, which leads to

less cytotoxic function through CD38/NAD+/Sirtuin1/EZH2

pathway. Importantly, GSK126, an EZH2 inhibitor, restored the

impaired cytotoxicity by increasing the expression of cytotoxic

molecules and degranulation in T cells from patients with SLE.

Our data imply that pharmaceutical correction of this pathway

should lead to increased cytotoxic cell function and reduced

susceptibility to infection in patients with SLE.

In our cohort, the CD8CD38high T cell population was found

expanded in patients with SLE who experienced a higher inci-

dence of infections independently of disease activity. Previous

reports have pointed to indicators of susceptibility to infections

including serum levels of C reactive protein, procalcitonin

(Ospina et al., 2017), T cell surface expression of CD64 (Feng

et al., 2019), or deletion of Deltex1 (Leu et al., 2019), but they

have fallen short in defining correctable molecular pathways.

Impaired cytotoxic function linked to CD38 has been reported

in several murine experiments. CD38-deficient mice infected

with bacteria the L. monocytogenes or Streptococcus pneumo-

niae develop severe pneumonia (Partida-Sánchez et al., 2001).

Neutrophils from CD38-deficient mice display defective migra-

tion of neutrophils to the lungs due to abnormal chemotaxis

or defective function of dendric cells (Partida-Sánchez et al.,
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Figure 6. Inhibition of Sirtuin1/EZH2 Axis Restores CD8 Cytotoxicity

(A) MFI from EOMES, RUNX3, and T-bet in CD8 T cells pretreated with 50 mM

of EX527 (SIRT1 inhibitor) overnight by flow cytometry (healthy subjects = 7;

paired t test).

(B) MFI from EOMES and RUNX3 in TALL104 CD8 T cells pretreated with 1 mM

of GSK126 (EZH2 inhibitor) overnight by flow cytometry (n = 4, 3 independent

experiments; paired t test).

(C) MFI from RUNX3 in CD8 T cells in patients with SLE pretreated with 1 mMof

GSK126 overnight by flow cytometry (SLE = 4; paired t test).

(D and E) Percentage of IFN-g and GZMB in CD8CD38low or CD8CD38high

T cells from healthy controls (D) and from patients with SLE (E) treated with

1 mM of GSK126 overnight by flow cytometry (healthy subjects = 5, shown in

closed circle, SLE = 6, shown in opened circle; paired t test).

(F andG)Degranulation (%CD107a) of CD8CD38low orCD8CD38high T cells from

healthysubjects (F) and frompatientswithSLE (G) treatedwithGSK126overnight

and stimulated with plate-coated CD3/CD28 antibodies for 5 h with GSK126 at

the indicated concentration (n = 4, one-way ANOVA with multiple comparisons).
2004), while lack of CD38 did not affect their adaptive CD8 T cell

responses including IFN-g production (Partida-Sánchez et al.,

2001).

CD38 appears to control a number of cell functions. For

example, high expression of CD38 on smooth muscle cells

enables an exacerbated response when exposed to inter-

leukin-13 (IL-13) and methacholine (Deshpande et al., 2005).

CD19+CD24highCD38high B cells exercise more regulatory

capacity in normal subjects, although in patients with SLE

they function poorly (Blair et al., 2010). We show that both

CD8CD38high T cells from normal subjects and SLE patients pro-

duce significantly less IFN-g, while they appear to produce

equivalent amounts of Th2-related and suppressive cytokines

to CD8CD38low T cells (Figure S2I).

CD8CD38high T cells in the cohort that we studied expressed

higher amounts of HLA-DR compared to CD8CD38low T cells.

CD8CD38high cells may represent recently activated cells in

response to inflammatory cytokines such as IL-6, IFN, or lipo-

polysaccharide that are known to increase the expression of

CD38 (Malavasi et al., 2008; Matalonga et al., 2017). Also, CD8

T cells from patients with SLE display cell activation markers

(Murphy et al., 2019). Along these lines, ESR, a marker of inflam-

mation, was elevated in patients with SLE with expanded

CD8CD38high cells. Accordingly, CD38 may represent a sequel

of infection, which through mechanisms defined here contrib-

utes to decreased CD8 cytotoxic function.

CD8CD38high T cells from patients with SLE showed higher

PD1 expression than CD8CD38low T cells. In addition, LAG3

was expressed at higher amounts in all CD8 cells in patients

with SLE compared to those from normal subjects. Whether

CD38 is associated with exhaustion and whether T cell exhaus-

tion represents a causative mechanism of autoimmunity remain

unclear. In our study, CD8CD38high T cells appear to be a prod-

uct of recent activation unable to display cytotoxic function. It

should be noted that blockade of PD1/PDL1 in cancer patients

with SLEmay cause de novo appearance of systemic autoimmu-

nity (Naidoo et al., 2016), and T cell exhaustion may favor auto-

immunity albeit worsen viral infections (McKinney et al., 2015).

Also, it should be noted that cell exhaustion markers are linked

to infection with HIV and virostatic treatment eliminates cell

exhaustion (Pannus et al., 2019).

The expression pattern of cytotoxicity-related transcriptional

factors was different in patients with SLE compared to healthy

subjects. Decreased cytotoxic cell function of CD8CD38high

T cells can be explained by the decreased expression of tran-

scription factors EOMES, RUNX3, and T-bet (Cruz-Guilloty

et al., 2009; Pearce et al., 2003). All transcription factors were

decreased in CD8CD38high T cells from normal subjects, while

only RUNX3 was decreased in cells from patients with SLE and

can explain the decreased expression of cytotoxicity-related

molecules. We further determined that especially RUNX3 is

controlled by the SIRT1/EZH2 axis by causing changes in the

epigenetic landscape of effector molecules. As for EOMES and

T-bet, they are linked with cell exhaustion and chronic infection.

EOMES can cause exhaustion in tumor-infiltrating cells (Li et al.,

2018), and chronic infection with HIV is linked to increased T-bet

and EOMES expression (Buggert et al., 2014). It appears that the

expression of EOMES and T-bet in T cells from patients with SLE
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may reflect chronic activation or exhaustion, and a better under-

standing is needed.

We have attributed the lower cytotoxicity of CD8CD38high

T cells from both healthy donors and patients with SLE to a dys-

regulated CD38/SIRT1/EZH2 axis, which controls the methyl-

ation of the RUNX3 gene (Fujii et al., 2008; He et al., 2017;

Tong et al., 2014). However, ATAC-seq revealed different chro-

matin landscapes between healthy subjects and patients with

SLE. The chromatin accessibility especially in intronic region of

RUNX3 was low in CD8CD38high from healthy subjects reflecting

repressed gene expression, while RUNX3 accessibility was

significantly higher in CD8CD38high T cells from patients with

SLE. Yet, the expression of RUNX3 was lower in CD8CD38high

T cells from patients with SLE compared to cells from normal

subjects. Chromatin accessibility does not always reflect gene

transcription. Indeed, promoters that exhibit increased accessi-

bility in the absence of gene expression have been reported in

undivided B cells (Scharer et al., 2018). It is also possible that

these areas define ‘‘bivalent domains,’’ that is, regions harboring

open and closing histones that coincide with transcription fac-

tors expressed at low levels (Bernstein et al., 2006).

Our study has a number of identifiable limitations that include

the size of cohort originating from one single center and the fact

that it was done in a cross-sectional manner. A prospective

study should define more accurately the value of CD8CD38high

cells identifying the patients prone to infections. As noted, we

have not been able to retrieve the causative infectious agents

that were responsible for the recorded infections. At the mecha-

nistic level, there is much more to be learned. The issue of chro-

matin remodeling needs further investigation along with work to

identify additional molecular mechanism whereby CD38 may

suppress T cell function. For example, CD38 mediates the pro-

duction of adenosine, which suppresses certain T cell functions

(Morandi et al., 2015, 2018). Also, EZH2 is induced by reactive

oxygen stress (ROS) (Shrishrimal et al., 2019), and ROS has

been shown to contribute to SLE disease pathogenesis (Perl,

2013).

Finally, our data provide evidence that inhibition of EZH2 leads

to increased CD8CD38high T cell cytotoxicity in both healthy do-

nors and patients with SLE. Previously, an EZH2 inhibitor was re-

ported to increase the activity of CD8 T cells against human cyto-

megalovirus, adenovirus, and Zika virus (Arbuckle et al., 2017),

all of which can induce increased expression of CD38 in CD8

T cells. Also, treatment of lupus-prone mice with an EZH2 inhib-

itor significantly improved disease, lymphoproliferation, and the

production of inflammatory cytokines (Rohraff et al., 2019).

In conclusion, our study has identified a mechanism to explain

why CD8 T cells in patients with SLE have decreased cytotoxic

capacity and are prone to infections. The identified molecular

pathway (increased CD38 > decreased NAD+ > decreased Sir-

tuin 1 > increased EZH2 > decreased transcription factors and

molecules linked to poor cytotoxic responses) in our study offers

therapeutic opportunities to restore cell cytotoxicity.
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by George C Tsokos at

gtsokos@bidmc.harvard.edu.

CD38 knocked-out Jurkat cells generated in this study will bemade available on request but wemay require a payment and a com-

plete Materials Transfer Agreement if there is potential for commercial application.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human samples
All patients with SLE (n = 42) fulfilled the American College of Rheumatology classification criteria (Tan et al., 1982). Patients with SLE

were recruited from the Division of Rheumatology at Beth Israel Medical Center and provided consent, as approved by the institu-

tional review board. As controls, age- and sex-matched healthy individuals were recruited (n = 24). The average of age was 40 years

old and 80% was female in patients with SLE. The average of age was 38 years old and 80% was female in healthy donors.

Disease activity score for the patients with SLE was measured using the SLE Disease Activity Index (SLEDAI) scoring system

(Bombardier et al., 1992). For some experiments that required large amounts of human primary cells, we used cells from blood re-

maining in the leukoreduction system chambers of apheresis instruments after routine platelet collection (‘‘Trima collars’’), which

were obtained from Boston Children’s Donor Center.
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Cell lines
Jurkat human CD4 T cell line and P815mouse mast cell line were obtained from ATCCwere maintained in RPMI1640 (Thermo Fisher

Scientific) with L-glutamine, 1%of Penicillin/Streptomycin and 10%of FBS. TALL104 humanCD8 T cell line obtained fromATCCwas

maintained in IMDM following the recommendation by ATCC with 1% of Penicillin/Streptomycin, 20% of FBS, 0.5 mg/ml of

D-mannitol, 2.5 ug/ml of human Albumin and 100 IU/ml of human recombinant IL-2. To generate a CD38 knocked-down Jurkat

cell line, at first, Cas9-expressing Jurkat cells were made by transduction (spinoculation) with lentivirus constructed with pSPAX2,

pVSVg and lentiCas9-Blast (a gift from Feng Zhang, Addgene plasmid # 52962) generated in 293T cells. Following 3 days of selection

with 20ug/ml blasticidin, Cas9-expressing Jurkat cells were expanded for 5 days and then 2x106 cells were electroporated with the

Amaxa system (Lonza) with 1 mg of several plasmids expressing a guide RNA targeting the first exon of CD38 (pSPgRNA was a gift

from Charles Gersbach, Addgene plasmid # 47108). Efficiently CD38-knocked down cells were purified by a FACSAria (Becton Dick-

enson) using surface staining against CD38. We used guides detected by two online tools (http://zlab.bio/guide-design-resources

and http://chopchop.cbu.uib.no/). The expression of one guide (sgCD38b: CACCGATCCTCGTCGTGGTGCTCGCGG) was most

efficient and used to generate knock out cells. The line generated was carried forward for characterization, and the knockout cells

were complete and stable over several passages without further selection. Cas9-expressing Jurkat cells were used as control

although they are referred in the text as wild-type, CD38WT.

METHOD DETAILS

Cell isolation and sorting
Peripheral blood from the study subjects was collected in lithium heparin tubes. Total T or CD8 T cells were enriched by RosetteSep

Enrichment Cocktail (StemCell Technologies, Inc.) followed by density-gradient centrifugation (Lymphocyte Separation Medium;

Corning Life Sciences). Freshly isolated or frozen T cells were used in further experiments. In order to sort sufficient numbers of

CD8CD38low and CD38high T cells from human primary cells, we used blood from ‘‘Trima Collars,’’ using a FACSAria. After resting

overnight cells were used in different assays or frozen to perform western blot analyses or NAD+ measurements.

Electroporation
For overexpression assays, 5x106 of cells were electroporated with 2.5 mg of CD38- or GFP- overexpressing plasmid (Sino Biological)

for human primary cells using Amaxa nucleofactor (Human T Cell Nucleofactor kit, the program U-014) and for Jurkat and TALL104

cell lines (Cell Line Nucleofactor kit, the program X-001). After electroporation, cells were rested in the culture medium overnight to

allow protein expression and then used in experiments.

Flow cytometric analysis
The phenotype of T cell subpopulations was measured by flow cytometry, using fluorochrome-conjugated antibodies against CD3,

CD4, CD8, CD38, CD45RA, CCR7, CD107a, CD158, FAS, HLA-DR, LAG3, PD-1, TIGIT, IFNg, Granzyme A, Granzyme B, Perforin,

RUNX3, T-bet and EOMES, PCAF as well as isotype-matched control antibodies (Biolegend). For intracellular staining, cells were

fixed and permeabilized using a Cytofix/Cytoperm kit (BD Biosciences) and stained for granzyme A, granzyme B, perforin or

IFNg, IL-4, IL-10 and IL-13 after the stimulation with 25 ng/ml of Phorbol 12-myristate 13-acetate (PMA) and 1 mM of Ionomycin

for 4 hours. For transcription factor staining, cells were fixed and permeabilized using a True Nuclear Transcription Factor buffer

set (Biolegend) and stained for EOMES, RUNX3, T-bet or Histone 3 methylated at lysine 27 (H3K27me3; Cell Signaling). All the an-

tibodies were used at a concentration of 1:50 in PBS containing 2%FBS. The antibody against H3K27me3was used at 1:100 dilution.

Data were acquired with a Gallios or CytoFLEX S flow cytometers (Beckman Coulter) and analyzed using Kaluza software (version

1.5a; Beckman Coulter).

Degranulation assay
Staining for CD107a (lysosome-associatedmembrane protein 1 [LAMP-1], a marker of CD8 T cell degranulation following stimulation

(Betts et al., 2003), was used to quantify lytic granule exocytosis by flow cytometry (Kis-Toth et al., 2016). Briefly, cells (0.5x106/well in

96-u plate) in cells stimulated with plate-coated immobilized CD3 (5 mg/ml) and CD28 (5 mg/ml) antibodies (both from Bio X Cell) for 5

hours. CD107a antibody (1:100, Biolegend) was added at the beginning along with Brefeldin A (Golgiplug, BDBioscience). After stim-

ulation, cells were stained with surface markers including CD107a, and the expression of CD107a was measured in flow cytometry.

For experiments with EZH2 inhibitor (GSK126, Cayman Chemical), FACS-sorted CD8CD38low and CD8CD38high T cells from human

primary cells were treated with GSK126 or DMSO, as control, overnight, and a degranulation assay was performed in the presence of

the inhibitor.

In vitro cytotoxicity assay
In vitro cytotoxicity assay was performed as previously described (You et al., 2012; Zaritskaya et al., 2010). Briefly, FACS-sorted

CD8CD38low and CD8CD38high T cells were resuspended at 5x106 /ml in culture medium. Target P815 cells were stained for

30min with Pacific Orange to be distinguished (1 mg/ml, Thermo Fisher Scientific) andwere incubated with CD3 and CD28 antibodies

for 30min on ice (5 mg/ml) which allows P815 to activate CD8 T cells. CD8CD38low or CD38high T cells: P815 cells were cocultured for
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2.5 hours at the ratio of 1:5. Cytotoxicity was analyzed by measuring the expression of Annexin V and Propidium Iodide stained cells

by flow cytometry.

Western blotting, Immunoprecipitation, and NAD+ measurements
At least 1.5x106 sorted CD8CD38low, CD38high T cells or CD8CD38low T cells overexpressing CD38 or GFP were lysed using RIPA

buffer in the presence of protease inhibitors for 30min at 4�C for western blotting. After quantification, the same amount of protein

was loaded from both CD38low and CD38high. Immunoprecipitation was performed following the protocol provided by Thermo Fisher

Scientific. Briefly 10x106 of Jurkat CD38WT or Jurkat CD38KO were lysed in lysis/wash buffer. Total protein (600 mg) was incubated

with anti-EZH2 (Cell Signaling) overnight at 4�C. The immune-complex wasmixed with protein A/G beads and washed 3 times. Acet-

ylation was detected by subsequent western blotting using an acetyl-lysine antibody (1:1000, Cell signaling). Images were analyzed

using ImageJ. To measure NAD+, we used a colorimetric assay (NAD+/NADH quantitation kit, Sigma-Aldrich) using 2x106 cell per

point and following manufacturer protocol.

RNA Isolation and Quantitative PCR
RNeasy Mini Kit (QIAGEN) was used to extract total RNA. The following TaqMan probes (Thermo Fisher Scientific) were used to

detect target genes CD38 Hs01120071_m1, TBX21 Hs00894392_m1, EOMES Hs00172872_m1, RUNX3 Hs01091094_m1, GZMB

Hs00188051_m1, GZMA Hs00989184_m1, PRF1 Hs00169473_m1, GUSB Hs00939627_m1, and TBP Hs00427620_m1. Gene

expression was assessed by the comparative CT method and normalized to the reference gene TBP and GUSB (Kono et al.,

2018).We did not useGAPDH as endogeneous control because CD38, a NADase,may affectmetabolism and change the expression

of GAPDH.

Inhibitors
The Sirtuin1 inhibitor 6-Chloro-2,3,4,9-tetrahydro-1H-Carbazole-1-carboxamide (EX527) (Sigma-Aldrich) and the EZH2 inhibitor

N-[(1,2-dihydro-4,6-dimethyl-2-oxo-3-pyridinyl)methyl]-3-methyl-1-[(1S)-1-methylpropyl]-6-[6-(1-piperazinyl)-3-pyridinyl]-1H-indole-

4-carboxamide (GSK126, Cayman chemical) were used. Cells were incubatedwith these inhibitors overnight in culturemedium at the

indicated concentrations.

Omni-ATAC-seq (Assay for Transposase Accessible Chromatin with high-throughput sequencing)
To assay chromatin accessibility, we used 50,000 of sorted CD8CD38low, and CD38high T cells from two different healthy donors and

two different SLE patients. Cells were once stocked in banbanker and thawed just before the ATAC-seq cell preparation.We followed

the Omni-ATAC protocol (Corces et al., 2017) and deep sequencing was performed using PE35-bp reads on Illumina NextSeq500 at

Boston Nutrition Obesity Research Center Functional Genomics Core.

ATAC-seq data was evaluated for quality using FASTQC (Andrews, 2010). Reads were filtered and trimmed with Atropos (Didion

et al., 2017). High quality reads were mapped to the human genome (build GRcH37/hg19) using Bowtie2 (Langmead et al., 2009).

After filtering reads from mitochondrial DNA, properly paired reads with high mapping quality (MAPQ score > 10, non-duplicates,

qualified reads) were retained using Sambamba (Tarasov et al., 2015) for further analysis. The ‘alignmentSieve’ function of Deeptools

(Ramı́rez et al., 2014) and ‘sort’ and ‘index’ functions of Samtools (Li et al., 2009) were used to isolate fragments in nucleosome free

regions (NFRs). Reads were shifted by 9 bp (+4 in positive and �5 in negative strand) to account for the dimeric binding of the Tn5

transposase that results in insertion of two adaptors separated by 9 bp. To call the peaks with unique reads, we usedMACS2 (Zhang

et al., 2008) followed by a quality check with the ChIPQC Bioconductor package (Carroll et al., 2014). CPM-normalized bigwig files

(bin size = 20) were visualized using IGV (Robinson et al., 2011).

Differential binding betweenCD38high andCD38low samples in SLE patients and healthy subjects was assessedwith Diffbind (Stark

and Brown, 2011) using DESeq2 (Love et al., 2014) and including sample preparation date in the model. Peaks were filtered at

FDR < 0.05 and |log2 fold change| > 1 to obtain significant peaks.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s t test with or without Welch’s correction, Kolmogorov-Smirnov test, paired hi or Wilcoxon Signed Rank Test were used for

statistical comparisons between two groups depending on the characteristics of the population. Data are represented as mean ± SD

(standard deviation). The association between the proportion of CD8CD38high T cells and infection rates was evaluated by Chi square

test. Pearson’s correlation was used to detect linear relationship between two variables. Correlation between degranulation and %

CD8CD38high T cells was searched by linear regression. GraphPad Prism (version 6) was used for statistical analysis. P value is

defined as follows; * p < 0.05, ** p < 0.01; *** p < 0.001, **** p < 0.0001.

DATA AND CODE AVAILABILITY

The ATAC-seq data generated during this study are available in Gene Expression Omnibus (GEO). The accession number is

GSE141197.
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